The lysine demethylase JMJD2A has the unique property of binding trimethylated peptides from two different histone sequences (H3K4me3 and H4K20me3) through its tudor domains. Here we show using X-ray crystallography and calorimetry that H3K4me3 and H4K20me3, which are recognized with similar affinities by JMJD2A, adopt radically different binding modes, to the extent that we were able to design single point mutations in JMJD2A that inhibited the recognition of H3K4me3 but not H4K20me3 and vice versa.
The lysine demethylase JMJD2A has the unique property of binding trimethylated peptides from two different histone sequences (H3K4me3 and H4K20me3) through its tudor domains. Here we show using X-ray crystallography and calorimetry that H3K4me3 and H4K20me3, which are recognized with similar affinities by JMJD2A, adopt radically different binding modes, to the extent that we were able to design single point mutations in JMJD2A that inhibited the recognition of H3K4me3 but not H4K20me3 and vice versa.
The methylation of histones at lysine residues participates in the regulation of fundamental biological processes, such as gene transcription and cellular response to DNA damage, by attracting effector proteins that bind chromatin only after a target histone has been methylated at a specific lysine 1 . Therefore, there is considerable interest in understanding how specialized domains of these regulatory proteins recognize histone amino acid sequences in a methylation site-specific and sometimes methylation state-specific manner. The previously determined three-dimensional structures of chromo, double-chromo, tandem tudor, hybrid tudor and PHD domains in complex with methylated histone peptides have all revealed a binding cage 2 , made of two to four aromatic amino acid side chains, that accounts for the specific interaction with a methyllysine at the positively charged methylated ammonium group through cation-p interactions [3] [4] [5] [6] [7] [8] [9] . In one instance, it was shown that the selectivity for a particular methylation state-a dimethyllysine over a trimethyllysine-is mediated by the carboxylate side chain of an aspartate that forms a hydrogen bond with the dimethylammonium hydrogen 7 . Besides the methylation state, interactions of the effector protein with several histone amino acids adjacent to the methyllysine confer high specificity for a given methylated histone site [3] [4] [5] [6] [7] [8] [9] .
The tandem hybrid tudor domains of the human histone demethylase JMJD2A (JMJD2A-tudor) can recognize H3K4me3 (residues 1-10) and H4K20me3 (residues 16-25), two histone peptides that do not share any amino acid sequence similarity except the trimethylated lysine 10 . H3K4me3 and H4K20me3 bound with about the same K d to JMJD2A-tudor, as shown by isothermal titration calorimetry (ITC) (Fig. 1a and Table 1 ). To better understand the histone binding mechanism of JMJD2A and probe possible differences between the recognition of histones H3K4me3 (ref. Table 1 online for details). In the crystal asymmetric unit, there are two copies of the JMJD2A-tudor-H4K20me3 complex. In one complex, seven residues (residues 17-23) of the peptide were unambiguously modeled in the electron density map ( Fig. 1b and Supplementary Fig. 1 online), whereas in the other complex five residues (residues 17-21) of the peptide were readily modeled. The two H4K20me3 peptides bound the same surface of each JMJD2A-tudor protein, both in the same orientation. However, whereas in one complex the trimethyllysine was caged by a canonical arrangement of the aromatic side chains of Phe932, Trp967 and Tyr973 of JMJD2A-tudor (Fig. 2b) , in the other complex the trimethyllysine was pulled out of the aromatic pocket due to crystal packing interactions; this peptide was located at the interface between the two JMJD2A-tudor molecules in the crystal asymmetric unit (not shown). We also determined the three-dimensional structure of JMJD2A-tudor in the absence of peptide at a resolution of 1.8 Å ( Supplementary Fig. 2a and Supplementary Table 1 online) . Notably, the two molecules of JMJD2A-tudor in the crystal asymmetric unit form a head-to-tail dimer, with the guanido group of Arg913 of one molecule occupying the aromatic cage of the other molecule ( Supplementary Fig. 2b ). We identified exactly the same dimeric arrangement for two of the four proteins in the asymmetric unit of free JMJD2A-tudor crystallized in a different crystalline lattice 6 . This might correspond to a native arrangement of JMJD2A-tudor in the context of the full-length protein unbound to a methylated ligand. Native JMJD2A is a multimer, although it is not known whether the tudor domains participate in the oligomerization of the protein 11 . Comparison of the structure of JMJD2A-tudor in the free state with that in complex with H4K20me3 did not reveal any substantial difference in backbone and side chain conformations (data not shown).
Analysis of the JMJD2A-tudor-H4K20me3 structure in light of the recently published structure of JMJD2A-tudor bound to H3K4me3 (ref. 6) unexpectedly revealed two very different binding modes (Fig. 2a-c) . Although the two histone peptides were bound to the second hybrid tudor domain with the methyllysine caged by the same three aromatic residues, they adopted opposite relative orientations and contacted different surfaces of the hybrid tudor domain. Comparison of the two structures immediately suggested that mutations could be designed to impair the interaction of JMJD2A-tudor with H3K4me3 but not with H4K20me3, and vice versa.
Different aspartate side chains of JMJD2A established coulombic and hydrogen bond interactions with an arginine of each peptide. JMJD2A Asp945 interacted with Arg2 of the H3K4me3 peptide but did not contact the H4K20me3 peptide. JMJD2A Asp939, on the other hand, was salt-bridged to Arg19 of H4K20me3 but was not involved in any interaction with H3K4me3. As shown in Table 1 , a D945R mutation increased the K d of JMJD2A for H3K4me3 by B200-fold-in agreement with previously published data 6 -but did not affect the interaction with H4K20me3. A D939R mutant had the opposite effect of increasing the K d of JMJD2A for H4K20me3 by B200-fold but did not markedly change the affinity for H3K4me3. Like Asp945, Asn940 of JMJD2A interacted with H3K4me3 but not with H4K20me3. Asn940 formed hydrogen bonds with the backbone amide and hydroxyl groups of H3K4me3 Thr3. Consistent with these observations, mutating Asn940 into an arginine did not perturb JMJD2A binding to H4K20me3 but decreased its affinity for H3K4me3 by B46-fold.
Two other amino acids of JMJD2A, Tyr942 and Thr968, involved in weaker intermolecular hydrogen bonds, selectively contacted one peptide and not the other; we also mutated these. Through its hydroxyl group, Tyr942 in the wild-type structure formed a hydrogen bond with the terminal amino group of the H3K4me3 peptide but was far from any residue of H4K20me3. Replacing Tyr942 by an alanine or an arginine had no marked effect on the K d of JMJD2A for H3K4me3 or H4K20me3. The hydroxyl group of Thr968 in the wild-type structure formed a hydrogen bond with the guanido group of H4K20me3 Arg23 but did not contact H3K4me3. Changing Thr968 to an alanine or arginine did not appreciably alter the interaction of JMJD2A with either H3K4me3 or H4K20me3. Thus, Tyr942 and Thr968 are not essential for the tight binding of JMJD2A to H3K4me3 and H4K20me3. We also introduced mutations in the H4K20me3 peptide at the His18 and Arg19 positions. Replacing His18 by a glycine increased the K d by fivefold. This small change in K d is in agreement with the structure, in which only the carbonyl group of His18 contacted JMJD2A, through a hydrogen bond with the amide hydrogen atom of Phe937. If H4K20me3 were oriented similarly to H3K4me3 in the complex with JMJD2A-tudor, His18 would occupy the position of the key Arg2 residue of H3K4me3 (ref. 6) , and mutation of His18 into a glycine would have been likely to lead to a larger increase in K d . Consistent with the structure of the JMJD2A-tudor-H4-K20me3 complex, changing Arg19 to a glycine decreased the affinity of H4K20me3 for JMJD2A by B55-fold. As mentioned above, Arg19 of H4K20me3 forms a salt bridge with JMJD2A Asp939.
These mutations, summarized in Table 1 , validate in solution the different histone binding modes of JMJD2A for H3K4me3 and H4K20me3. In the future, they may also become useful for deciphering the relative roles of H3K4me3 and H4K20me3 in vivo.
The precise function of JMJD2A is unknown, but it was shown to demethylate histone H3 dimethylated or trimethylated at lysine 9 and lysine 36, by means of an N-terminal catalytic domain [11] [12] [13] [14] [15] [16] [17] . As the hybrid tudor domains at the C terminus of JMJD2A are necessary for the demethylation activity of JMJD2A in vivo, it is plausible that they could recruit JMJD2A to chromatin through their interaction with methylated H3K4, H4K20 or both. The full-length JMJD2A protein is a multimer, most likely a dimer 11 , and could thus combinatorially interact with methylated H3K4 and H4K20.
In summary, this study has uncovered an unsuspected complexity in the recognition of methylated histones by an effector protein. The hybrid tudor domains of the histone demethylase JMJD2A can recognize equally well two unrelated histone peptides, H3K4me3 and H4K20me3, by means of two very different binding mechanisms. There is virtually no change in the conformation of JMJD2A-tudor in the free or H3K3me3-or H4K20me3-bound states. Although the only residue common to H3K4me3 and H4K20me3, the trimethyllysine, occupies the same binding cage in JMJD2A-tudor, the specificity of interaction is driven by opposite orientations of the peptides that contact different surfaces of JMJD2A. These binding modes ensure dual specificity while preventing the two peptides from simultaneously interacting with the same JMJD2A monomer. The biological significance of this observation remains to be established. Tudor domains as well as structurally related chromodomains and MBT domains appear in a wide variety of proteins 1 , several of which can bind more than one methylated histone target 10 and can probably bind methylated proteins other than histones. It will be interesting to see whether some of these effector domains recognize more than one methylated amino acid sequence by means of different binding mechanisms, similarly to JMJD2A.
Accession codes. Protein Data Bank: The atomic coordinates and structure factors have been deposited with the accession codes 2QQR for JMJD2A-tudor in the free state and 2QQS for H4K20me3-bound JMJD2A-tudor.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
